ABSTRACT: This paper synthesizes >40 yr of data on phytoplankton abundance in the Chesapeake Bay, USA, spanning the period 1950 to 1990. Long-term changes in the concentrations of surface chlorophyll (B, mg m-3) and integrated water-column chlorophyll (B',,, mg m-2) are assessed in the context of light and nutrient effects on phytoplankton distributions. Significant long-term increases in B were detected from the 1950s to the 1970s in all regions of the Bay. The seaward, polyhaline Bay showed 
INTRODUCTION
Estuaries are characterized by strong gradients in river flow, circulation, tidal mixing, nutrient inputs, sediment loading and temperature. The interplay of these properties produces spatially and temporally heterogeneous conditions for phytoplankton growth. Depending on the relative importance of these properties, annually reiterated sequences of one or several phytoplankton species may develop in individual systems, and distinct assemblages may occupy regions of a given estuary that differ physically or chemically. For example, predictable blooms of diatoms are known to 'Also: Horn Point Environmental Laboratories. Center for Environmental and Estuarine Studies, University of Maryland, Box 775, Cambridge, Maryland 21613, USA accompany the spring freshet in several important estuaries in the United States, including San Francisco Bay (Peterson et al. 1975 , Festa & Hansen 1976 , 1978 , Conomos & Peterson 1977 , Cloern & Cheng 1981 , Cloern et al. 1983 ), Delaware Bay (Sharp et al. 1982 , Pennock 1985 , Pennock & Sharp 1986 , and the Hudson River estuary (Malone 1977 , Malone & Chervin 1979 , Malone et al. 1980 .
As the largest and historically most productive estuary in the U.S., the Chesapeake Bay has been studied extensively for a period of decades. Much of that research in recent years has focused on the causes and ramifications of eutrophication, particularly the effects of increased nutrient loading from the 64 000 mile2 watershed on the abundance and productivity of phytoplankton (U.S. EPA 1983). We know from recent work that an important characteristic of the annual cycle of phytoplankton in the Bay is a transition in the distribution and abundance of phytoplankton in winter-spring when highest biomass densities of diatoms develop (Harding et al. 1986 , 1992a , b, 1994 , Fisher et al. 1988 , Malone et al. 1988 . The development of this winter-spring bloom appears to be linked to the freshet of the Susquehanna River, the largest source of freshwater to the estuary and a major source of dissolved inorganic nutrients (Harding et al. 1986 , 1992a , 1994 , Malone et al. 1986 , Fisher et al. 1988 , 1992 . Phytoplankton uptake of nutrients in spring generates the large biomass that supports high secondary production in the Bay (cf. Boynton et al. 1982 , Malone et al. 1986 , Fisher et al. 1988 , 1992 ; this algal biomass is the principal source of organic material whose breakdown is linked to deleterious processes in the estuary, such as the annual formation of subpycnocline anoxia that has become a pervasive environmental problem with severe aesthetic and economic consequences (Officer et al. 1984 , Seliger et al. 1985 , Tuttle et al. 1987 .
A significant transition in the distribution and abundance of phytoplankton also occurs in spring-summer in the Bay. From May to early June, a pronounced floral shift from a high biomass, microplankton community dominated by diatoms to a high productivity, pico-nanoplankton community dominated by a mixed, non-diatom flora has been discussed in the context of the seasonal phase relationship between biomass and productivity (Malone et al. 1988 (Malone et al. , 1991 . The regeneration of nutrients accompanying the breakdown of spring bloom-derived material drives an annual productivity maximum in summer, as reviewed by Malone (1992) .
Over a period of decades, it is believed that significant changes have occurred in the phytoplankton dynamics of Chesapeake Bay: (1) elevated nutrient inputs, particularly of nitrogen and phosphorus, have promoted a significant increase in the biomass of phytoplankton since the early 1950s ( U S . EPA 1983); (2) the size structure of Bay phytoplankton has shifted toward a community with abundant picoplankton and nanoplankton (McCarthy et al. 1974 , Van Valkenburg & Flemer 1974 , Sellner & Kachur 1987 , Verity 1988 , Malone et al. 1991 , Malone 1992 ; (3) the species composition has changed from an assemblage consisting of irnrnotile, centric diatoms to one predominantly composed of flagellated species (see Wolfe et al. 1926 , Cowles 1930 , Morse 1947 , Patten et al. 1963 , Mulford 1972 , Marshal1 & Lacouture 1986 . Potential ecological consequences of these changes include: (1) a change in trophic structure from a diatom-zooplankton-fish food chain to a system characterized by a major 'microbial loop' (Verity 1988); (2) an increase in particulate organic material (POM) derived from the eutrophicationdriven increase in algal biomass that supports high rates of microbial decomposition and exacerbates summer oxygen depletion; (3) shading of submerged aquatic vegetation by the reduced clanty of the water caused by increased abundance of phytoplankton in the water column.
Despite years of study and the availability of data spanning several decades, our understanding of longterm changes in phytoplankton dynamics in the Chesapeake Bay lacks synthesis. The problem is that large seasonal and interannual variations in the distribution and abundance of phytoplankton are superimposed on long-term changes that are thought to have occurred over a period of several decades. That is to say, it is difficult to distinguish long-term (decades to centuries) changes in phytoplankton that probably commenced following colonization in the 17th century (cf. Brush & Davis 1982 , Cooper & Brush 1991 ) from short-term (seasonal to interannual) variability we observe in data from recent years (Harding et al. 1994 ). The goals of this study are: (1) to assimilate historical and recent data on concentrations of chlorophyll and dissolved inorganic nutrients, spanning 1950 to 1990; (2) to quantify long-term trends in these properties and distinguish them from interannual variability that is expressed in more robust data sets from recent monitoring programs; and (3) to use these analyses to provide recent and historical contexts for assessing phytoplankton dynarmcs in the Chesapeake Bay. I draw on data from the historical data base of the Chesapeake Bay Program (CBP) spanning 1950 to 1983, and cruise data from the Chesapeake Bay Institute from 1982 to 1988 and the CBP Mainstem Water Quality Monitoring Program from 1984 to 1990, to describe the spatial and temporal patterns of phytoplankton abundance in the Bay.
MATERIALS AND METHODS
Data presented in this paper were collected during cruises on the Chesapeake Bay from 1950 to 1990. The major sources of data were the historical archive of the Chesapeake Bay Institute that was deposited with the CBP in Annapolis in the early 1980s, data from cruises conducted as part of individual research projects in 1982-83 and 1984-88 , and the data base of the CBP Monitoring Program for 1985-90. The historical (1950-83) data were much more limited in spatial and temporal coverage than recently collected data and have been combined into decadal groupings for analysis. The data from cruises in the early 1980s and 1984-88 were largely from axial transects down the Bay and thus were limted in lateral coverage. CBP Monitoring Program data are collected at 50 stations in the mainstem Bay and provide good spatial and temporal coverage. The main parameters of interest were chlorophyll, phaeopigments, light attenuation coefficient or Secchi depth, salinity, temperature, dissolved inorganic nutrients, and flow from the Susquehanna River, a major source of freshwater, nutrients and suspended particulate material to the Bay. The data used in these analyses 3s were grouped for 6 regions in the Chesapeake Bay, as shown in Table 1 and Fig. 1 .
Concentrations of chlorophyll and phaeopigments were determined with a variety of methods. In retrieving data from different sources in the data base, values determined with similar methods were used whenever possible. Most of the data were derived from measurements 38 made on acetone extracts using fluorometry (Turner model 110 or 11 1, or Turner Designs model 10) or spectrophotometry (Beckman model DK-2 or equivalent). Prior to 1964, chlorophyll concentrations were determined using the unpublished method of Sargent (Scripps Institute of Oceanography, CA, USA), consisting of filtration of 1 1 of sample through a Whatman No. 5 37 filter, extraction in 80 % acetone, and measurements of absorbance at 550,667 and 750 nm. In the 1960s, fluorometric measurements of chlorophyll concentration were used, with collection of sample on a 0.2 pm membrane filter, methanol extraction, and fluorescence determined on a Turner model 110 or 11 1 fluorometer calibrated against a dilution series of a standard chlorophyll solution quantified spectrophotometrically. After 1969. the trichromatic method for multiple pigment determination was used (Strickland & Parsons The frequency distributions of chlorophyll and nutrient concentrations were skewed; logarithmic transformations of the data produced normal distributions. Least squares means1 were computed on the logtransformed data, and back-transformed values for the mean and the upper and lower 95 % confidence intervals were determined. The time and space composites of surface and integrated water-column chlorophyll concentrations were generated using gridding algorithms in Surfer v. 4.0 (Golden Software, Inc.); the resulting gridded files were contoured and customized with Transform v. 2.0 (Spyglass, Inc.). Data from the 1950s and early 1980s were not used for decadal time and space composites because of the sparse sampling.
RESULTS

Surface chlorophyll concentrations
Decadal and annual means Surface chlorophyll (B, mg m-3) in the Chesapeake Bay has increased significantly since the 1950s. (Table 3 ). The mean concentration in the 1960s to the early 1980s was ca 14 to 16 mg m-3 and declined to 5 to 8 mg m-3 during the 1985-90 period. Other regions had concentrations similar or slightly higher than those observed since the 1970s.
The frequency distributions of B measured in the 1950s to the early 1980s showed shifts in the overall distributions to higher values (Fig. 2) . Of particular note were increases in concentrations in the lower, polyhaline Bay (Regions I & 11), consistent with the changes noted for the decadal least squares means. This southern portion of the Bay had a high frequency of surface chlorophyll concentrations < 2 mg m-3 in the 1950s and 1960s, and a shift to higher concentrations by the 1970s was apparent. The frequency distributions for the mesohaline Bay (Regions 111 & IV) also shifted to high values from the 1950s to the 1970s, but increases in subsequent years were less pronounced. The upper, oligohaline Bay (Regions V & VI) showed a shift to higher values from the 1950s to the 1970s. The frequency distributions of surface chlorophyll concentrations in recent years showed some interannual variation, but shifts of the magnitude observed from the 1950s to early 1980s did not occur (Fig. 3) .
Seasonal means
Least squares means of B for individual seasons revealed trends that were not apparent in the annual means ( Fig. 4a to d) . In winter. B in the polyhaline regions (I & 11) increased from 2.6 mg m-3 in the 1950s to 5-10 mg m-3 from 1970-90; data from the most recent 6 yr for these regions indicate that winter B has stabilized at a mean of ca 10 to 13 mg m-3. Increases in winter B have also occurred in the mesohaline (I11 & IV) and oligohaline (V & VI) regions of the Bay since the 1950s (Fig. 4a) . In spring, interannual variability of B was very high and was strongly expressed in the mesohaline to polyhaline Bay (Regions I to IV) (Fig. 4b) . The historical trend to higher B that was apparent in the 1986. B was 10 to 20 mg m-3 from the Potomac River mouth to the Bay Bridge, 38.0 to 39.0' N, in ApnlMay (Days 90 to 120), lower than the concentrations observed in 1985 (compare Fig. 5c, d) . B declined in the seaward parts of the Bay by early May, and a discrete maximum of ca 30 mg m-3 developed in the upper Bay in May that was more localized than the earlier, more seaward peak.
1987. B values >30 mg m-3 developed from late March to early April (Days 80 to 140) in this very productive year, with an extensive chlorophyll maximum extending from 37.0 to 38.5" N by mid-to late Apnl, and a seasonal peak of > 30 mg m-3 persisting until late May (Fig. 5e) .
1988. Relatively low B < l 0 mg m-3 prevailed in March (Days 60 to go), followed by a chlorophyll maximum from 37.5 to 38.5" N in mid-April, and a well- shown as time and space composites to show the biomass distribution (Fig. 6a to h ). There was no evidence of a well-developed B$, maximum in the winterspring in the 1960s composite (Fig. 6a) . In contrast, data from the 1970s show B',, in the mesohaline to polyhaline regions from 300 to 800 mg m-2 encompassing latitudes of 37.3 to 38.3" N ( Fig. 6b) . The patterns observed in these composites are substantiated by B' ,,, data from individual spring cruises ( (Fig. 6c) . There was an abrupt decline to 5 200 mg m-2 in early to mid-April (Day 110), with low B' ,, persisting for the balance of the year. The B'\,,, peak was spatially widespread, encompassing much of the estuary, and the spring decline commenced earliest in the lower Bay, seaward of the Potomac River mouth at 38.0' N.
1986. B',, > 200 to 300 mg m-2 did not occur seaward of 37.8" N, near the Potomac River mouth (Fig. 6d ). The decline in B' ,, occurred earliest in the seaward part of the estuary, as was observed for 1985. and highest concentrations 2700 mg m-' were restricted to the mesohaline region of the Bay near 38.3" N. spread and long-lived maximum that encompassed much of the estuary from late winter through late spring (Fig. 6e) . Highest B' ,,, values were > 900 mg m-2 in the mesohaline Bay between the mouth of the Potomac River and the Bay Bridge, 38.0 to 39.0" N. This peak was greatest at the beginning of April (Day go), but persisted longer than in previous years (to Day 150) in a large part of the mesohaline to oligohaline Bay. A decline to low summer concentrations did not commence until late May to early June (Days 150 to 160) in the Rappahannock River to Patuxent River reach. B' ,, was 2500 mg m-2 quite far seaward, however, and was associated with a large diatom bloom that discolored surface waters.
1988. There was also a long-lived B' ,, maximum in 1988, although the peak concentrations of 500 to 700 mg m-2 were lower than those observed in 1987 (Fig. 6f) . Most of the phytoplankton biomass was in the mesohaline to polyhaline regions, with high concentrations from the Rappahannock River to the Patuxent River, 37.7 to 38.3' N. Values declined to < 300 mg m-2 by mid-June (Days 150 to 170) .
1989. The high B' ,, values that were observed in winter-spring 1985-88 never developed, i.e. the large accumulation of biomass associated with the winterspring bloom that was observed in the preceding 4 yr was essentially absent in 1989 (Fig. 6g) . A modest I increase in B' ,,, occurred from late summer to early fall, reaching ca 200 mg m-2 in the mesohaline.
1990. B&, was high from mid-February through March (Days 45 to 90) along much of the salinity gradient of the Bay (Fig. 6h) , with values >S00 mg m-2 observed in mid-March (Days 75 to 80) all the way to the mouth of the Bay. A decline to values < 100 mg m-2 occurred from late March and early April (Day go), but B' ,, > 500 mg m-2 occurred again in May (Days 120 to 150) from the Rappahannock River to the Patuxent River mouth. A Bay-wide decline of B' ,, to < 100 mg m-2 occurred after mid-June (Day 180).
The frequency distributions of loglo B' ,, for March to May 1985-90 are presented in Fig. 8(a to f ) to illustrate the interannual differences in winter-spring biomass, and that these distributions were log-normal, as was the case for B. These data show that the winter-spring bloom was well developed in 1987 and 1990, but only weakly so in 1989, consistent with B' ,, data presented in time and space composites (Fig. 6e, g , h) .
Surface, euphotic layer and water column chlorophyll concentrations
The mean concentrations of surface (B, mg m-3), integrated euphotic layer (B',,, mg m-2), and integrated water-column (B',,, mg m-2) chlorophyll for (Fig. 9a to f) . First, the peak in B did not always occur in winter-spring; in 1986, 1988 and 1989 , the highest mean surface concentration was in summer (Fig. 9b, d, e) . Second, the highest B' ,,, concentrations generally occurred in winter-spring, but there were large interannual variations in the magnitude of that biomass peak. For example, the large bloom in 1987 was reflected in the high means for April to June (Fig. 9c) ( Fig. 9e) . Third, the duration of high B and B',, from Year winter to spring varied interannually from relatively (Fig. 9b) , to broad, pronounced peak? as in 1987 (Fig. 9c) . Fourth, B and B',,, tracked one another in winter-spring, but this coupling did not persist in summer when high B values were observed in the absence of high B',, (e.g. 1986, 1988, 1989 and 1990) . Lastly, mean B',, was less variable than mean B and B' , , and did not show large interannual variability. (Fig. l l a to d) . The mean, daily flow rates for 1985-90 show the short-term variations in flow for years sampled in the CBP Monitoring Program (Fig. 12a to f ). An expanded presentation of the flow data for 1985-90 characterizes flow conditions for successive seasons (Fig. 13) . 
Susquehanna River flow
Light attenuation
The historical data do not support an analysis of the distribution of K, for the 1950s to early 1980s, but recently collected data from the CBP Monitoring Program show that a fairly rapid response to peaks in freshwater flow from the Susquehanna River occurs in the mid-to upper Bay (Fig. 14a to f) . In March and April, high flow generally produced very turbid conditions in the oligohaline Bay north of 38.5" N. Diffuse attenuation coefficients declined spatially toward the mouth of the Bay and seasonally as the freshet subsided in late spring. Interannual variability in the distribution of K, appears to be coupled to differences in flow from the Susquehanna River. For example. K, in winter 1986 in the upper Bay (>39.0° N) was relatively low (1.5 to 2.5 m -' ) , and the seaward movement of the K, = 3.0 m-' isopleth occurred in late March to early April (Days 90 to 110) (Fig. 14b) . This corresponded to high flow in mid-March exceeding 800 X 106 m3 d-l. In comparison, low river flow in early 1987 (Fig. 12c) (Fig. 12e) produced high K, values (> 3.0 m-') in the region north of 39.3" N from late May through June (Days 150 to 180). The north-south movement of these isopleths has strong in~plications for the area1 extent of Light-limited conditions in the mesohaline to oligohaline Bay (see 'Discussion').
Nutrient concentrations
The frequency distributions of nutrient concentrations (and their ratios, below) were log-normal and sampling was uneven in time and space, as for chlorophyll. The least squares means and confidence intervals of DIN, Pod3-and Si043-were computed on the logarithms and back-transformed, as for B and B' ,, Fig. 16a to d) . In a significant part of the estuary, the least squares mean concentrations of ~0 ,~-were > 100% lower in 1985-90 than from the 1960s through early 1980s; concentrations in the 1960s were not as high as those in the 1970s or early 1980s. Data on Si0,3-concentrations were available only from recent years and temporal changes were not apparent ( Fig. 17a to d) .
DIN and Si0,3-showed strong seasonality in the oligohaline Bay, with highest concentrations occurring from winter to spring when freshwater flow was highest (Figs. 15a, b & 1?a, b) . In contrast, POA3-concentrations showed no seasonality ( Fig. 16a to d) . The spatial distributions of DIN and ~i 0 ,~-were strongly influenced by flow from the Susquehanna River, with highest concentrations observed in the upper, oligohaline Bay (Regions V & VI), and lowest concentrations toward the lower, polyhaline Bay (Regions I & 11) (Figs. 15a to d & 17a to d) . The distribution of P043-did not appear to be strongly linked to flow from the Susquehanna River (Fig. 16a to d ) .
Concentrations of dissolved inorganic nutrients during winter-spring in years covered by the CBP Monitoring Program show a repeatable, but variable sequence of SiOd3-and Pod3-depletion in the mid-to upper oligohaline and mesohaline Bay, and DIN depletion in the lower, polyhaline Bay. This temporal progression of nutrient distributions in 1985-90 provides was nearly undetectable by late March seaward of 38.5" N, and Pod3-was also very low in concentration. A mesohaline decline in NH,+ was observed in April, SiOd3-was unchanged and ~0 ,~-was low. By late April, was depleted seaward of 38.8" N. There was some evidence of SiOd3-replenishment by May in the polyhaline Bay.
1986. The distribution of nutrients was very similar to 1985. In late March, there was abundant DIN, moderate and high SiOd3-except south of 37.8" N near the Rappahannock River mouth. By early April, a decrease in NH,+ was observed in the mesohaline Bay, low prevailed, and SiOd3-depletion occurred seaward of 38.5" N. By mid-to late April, Si0,3-depletion in surface waters extended as far north as 38.7" N.
was undetectable seaward of 38.8" N in midl ' , it+ May, was low, and there was ample DIN throughout the estuary.
1987. There were relatively low SiOd3-concentrations along the salinity gradient of the Bay in winter-spring, and depletion of Si0,3-occurred seaward of 38.6" N by early April. The mesohaline decline in SiOd3-observed in the previous 2 yr occurred in 1987, and low Pod3-concentrations were also detected. By late April, replenishment in surface waters had commenced, suggesting a mixing event had injected newly-sedimented diatom material into the surface mixed layer. NH,' concentrations were high in the mesohaline to oligohaline, consistent with a spring occurrence of vertical mixing between early and mid-April. In early May, Pod3-was low in most of the Bay, SiOd3-was present seaward and landward, and mesohaline NH,+ was low. Patuxent River, and low and ample DIN were measured at that time. By mid-April, DIN was abundant and PO,' concentrations were moderate. There were relatively high S i 0 4 3 concentrations in the upper, oligohaline Bay, but Si043" was undetectable seaward of 38.4' N, between the Choptank and Patuxent Rivers. A mesohaline decline in NH4+ was observed by late April, was low, and Si043" was depleted in most of the mesohaline to polyhaline Bay. SiOd3' was even further depleted by mid-May, NH4+ was very low, N o 3 was abundant, and POA3" was low.
1989. The distribution of nutrient concentrations in 1989 was unique as Si043" concentrations in March were lower in the upper Bay than in the previous years, but were still detectable in the lower Bay. This changed significantly in April, but concentrations in much of the mesohaline Bay remained low.
1990
. Depletion of s~O~~' in the mesohaline to polyhaline Bay commenced in March and was spatially extensive by mid-April, was very low in much of spring throughout the Bay. Ample DIN was detected from March through May.
The molar ratios of macronutrients, DIN, SiOd3" and P O 4 , relative to phytoplankton requirements, provide additional data on the spatial and temporal patterns of nutrient limitation in the Bay. The least squares means and confidence intervals of the macronutrient molar ratios were computed on the logarithms and backtransformed ( Figs, 18 & 19) . There has been a significant long-term increase in DIN: P O 4 ratios since the 1960s in much of the Bay (Regions I1 to VI). DIN : was generally above Redfield's ratio (= 16 by moles) in all regions of the Bay in winter and spring, although the lower, polyhaline Bay (Regions I & 11) showed some values near Redfield stoichiometry (Fig 18) . In sum- mer and fall, DIN:POd3-less than Redfield's ratio occurred in much of the Bay, suggesting N limitation (Fisher et al. 1992 ). The recent data from CBP Monitoring cruises (1985-90) indicated that potentially limiting concentrations of and often occurred in the mesohaline to polyhaline Bay (Regions I to 111) by mid-to late spring. In summer, DIN: ratios were commonly near or below Redfield's ratio in much of the Bay.
DISCUSSION
Historical trends in chlorophyll
The results presented in this paper document significant changes in the distribution of phytoplankton chlorophyll in the Chesapeake Bay during the last 40 yr. Increases in concentrations of surface (B) and integrated water-column (B',,,) chlorophyll from the 1950s to the 1970s were evident in the least squares means of B for data grouped by region (Table 2, Fig. 4) , and in time and space composites of B and B' ,, for the 1960s and 1970s (Figs. 5a, b & 6a, b) . The magnitude of these increases has varied with region of the Bay and with season. The apparent lack of a winter-spring bloom of phytoplankton in the 1960s in contrast to the high biomass densities in the 1970s is of particular note, although it should be considered that the time and space scales of sampling were much more limited in those data sets than at present. In recent years (post-1980) , the winter-spring bloom has been a common feature of the annual cycle of phytoplankton in the Bay (Figs. 5c to h & 6c to h ). Data collected in shipboard monitoring since 1985 documented large interannual variations in the timing, position and magnitude of the winter-spring diatom bloom. I believe that this vari- ability is linked to freshwater flow from the Susquehanna River and the associated inputs of suspended materials and dissolved inorganic nutrients, that, in turn, regulate the light and nutrient environments of the Bay. This linkage has been suggested previously using data collected along the axis of the mainstem Bay in the early 1980s (Harding et al. 1986 , Fisher et al. 1988 , in the mesohaline reach in 1985-86 (Malone et al. 1988 ) and 1984 -90 (Malone 1992 , and in the mainstem of the Bay from 1989 to 1992 (Harding et al. 1994) . Brief descriptions of those data sets and conclusions comprise the following sections.
Axial data, 1982-83
Data from a series of cruises in 1982-83 along the axis of the Bay revealed seasonal shifts in the position of the chlorophyll maximum as a function of freshwater flow and nutrient input (Harchng et al. 1986 , Fisher et al. 1988 ). The Wofsy (1983) model for nutrient-replete systems was applied to these data to show that lightlimitation in the oligohaline Bay regulated the location of the peak in surface chlorophyll at the landward end. The number of optical depths in the surface mixed layer in and near the turbidity maximum was >10 when corrected for non-phytoplankton light attenuation; no growth of phytoplankton occurs in such conditions because of severe light limitation although nutrients are abundant. The chlorophyll maxima in 5 cruises on the Bay occurred where there was an average of 5.7 (Â 1.0) optical depths in the surface mixed layer. The geographic location corresponding to these conditions changed seasonally and was commonly in the mesohaline region. At the seaward end of transects, the nutrient-replete criteria of Wofsy's model (DIN > 2 PM, Pod3-> 0.15 PM) were not generally met providing improved spatial and temporal coverage to and it was concluded that nutrients regulated the that obtained in the cruises of the early 1980s, but the abundance of phytoplankton in the lower, polyhaline sampling was limited in spatial coverage to a relatively Bay. The spatial and temporal resolution on those small area. cruises was very h i t e d , however, particularly in lateral coverage. Remote sensing, 1989 -present Mesohaline studies. 1985 Shipboard studies of the mesohaline Bay in 1985-86 obtained higher spatial and temporal resolution for this highly productive area (Malone et al. 1988) . Data collected from the Chesapeake Bay Bridge (latitude = 39" N) to the Choptank River and Patuxent River region of the mainstem Bay (38.4" N) were used to show that: (1) the annual cycle of riverine nutrient input is in phase with the development of maximum phytoplankton biomass in spring; (2) it is out of phase with the highest rates of primary production in summer; and that (3) summer phytoplankton productivity is driven primarily by recycled nitrogen derived from the metabolism of particulate organic matenal produced during the spring bloom (see also Kemp & Boynton 1984 , Boynton & Kemp 1985 , Fisher et al. 1988 ). This work documented interannual variations in the distribution and abundance of phytoplankton in the mesohaline Bay in 1985 and , and concluded that differences in freshwater flow from the Susquehanna h v e r , dilution in the mesohaline and delivery of nutrients to the mesohaline and polyhaline Bay generated these variations. Malone et al. (1988) further suggested that the source of highest phytoplankton biomass in the estuary resided in the more seaward regions, outside their study area, as high water column chlorophyll concentrations were dominated by subpycnocline chlorophyll delivered northward in estuarine circulation. This intensive study of the mesohaline Bay gave new insight to phytoplankton dynamics in the Bay by A combination of remotely sensed and traditional measurements on the Bay in the last several years has provided the spatial and temporal resolution needed to identify the position of high concentrations of surface chlorophyll and biomass in winter-spring. Harding & Itsweire (1991), Harding et al. (1992a Harding et al. ( , b, 1994 and Itsweire et al. (1991) reported interannual variations in the winter-spring blooms of 1989-92 using the mean concentrations of surface, photic layer and water column chlorophyll, time and space con~posites of water column chlorophyll derived from aircraft surveys in spring and summer, and full year composites of water column chlorophyll from shipboard measurements. It was concluded that seasonal and interannual variations in flow from the Susquehanna River could explain differences in the pattern of phytoplankton abundance during winter-spring.
Comparative analysis and synthesis
The historical and recent data on B and B',,, synthesized in this paper can be used to extend the reasoning of Harding et al. (1986 Harding et al. ( , 1992a Harding et al. ( , 1994 , Fisher et al. (1988) , Malone et al. (1988), and Malone (1992) to additional years, including the decades of the 1960s and 1970s, and individual years from 1985-90, to provide a multi-year context for analyzing the link of freshwater flow to the winter-spring bloom. Table 4 summarizes the timing, position and magnitude of phytoplankton maxima for decadal and annual data showed that the 2 decades differed significantly In B (Fig. 5a, b) and B' ,,, (Fig. 6a, b ). This may be explained by the low flow during the winter-spring interval prior to the usual formation of the annual phytoplankton maximum in the 1960s as compared to the 1970s (see Fig. l l a , b) . Recent data on phytoplankton abundance documented the absence of a significant winter-spring bloom in 1989; the low B and B' ,, that were observed accompanied low nutrient loading associated with persistent drought conditions and below-average Susquehanna River flow for 15 mo prior to spring, and a very late (2 mo) freshet in 1989 that produced exceptionally high light attenuation coefficients in the mesohaline Bay. Malone et al. (1991) concluded that the timing of this freshet did not support a winter-spring bloom as the peaks in freshwater flow from mid-May into June occurred after the usual time of diatom growth and instead affected the summer flora. Moreover, Conley & Malone (1992) and Harding et al. (1992a Harding et al. ( , 1994 suggested that the unusually low flow prior to spring 1989 restricted the availability of SiOd3-to support diatom growth, as standing stocks of Si0,3-can support only 26 to 44 % of total potential diatom production and the balance must be supplied by riverine input.
Winter-spring blooms in other years from 1985 to 1990 were well developed when flow from the Susquehanna River was near or slightly below the long-term average for winter and spring (Table 4 , Figs. 5a to h, 6a to h & l l a to d). For example, phytoplankton abundance in 1985 from March to May was high (Figs. 5a & 6a), and followed a freshet that was within 25% of the long-term seasonal mean (Fig. 13) . In 1986 and 1987, the blooms were also well developed; the abundance of phytoplankton in 1987 reached the highest levels since the onset of the CBP Monitoring Program (Figs. 5b, c & 6b, c) . 1988 also had high B and B'\,, (Figs. 5d & 6d) following near or below average winter and spring flow (Fig. 13) . In 1990, freshwater flow from the Susquehanna River was near average prior to winter-spring. The bloom of large, centric diatoms that developed by April-May was spatially extensive and long-lived (Figs. 5h & 6h) . Average flow provided sufficient nutrients to support a pronounced bloom, but did not enlarge the area of l i g h t -m t e d conditions beyond the oligohaline Bay (Harding et al. 1992a (Harding et al. . 1994 .
A separate analysis of the impact of freshwater flow > 100% above the long-term seasonal average in fall 1990 on the distribution of chlorophyll in winter-spring 1991 provides additional insight into interannual variations (Harding et al. 1994 ). The winter-spring bloom in 1991 was not well developed and it was concluded that the period of high flow was too early to support a bloom. These findings suggest that the 'memory' of the Bay does not extend to an event > 4 mo prior to the usual time of the bloom from March to May, but that multi-year effects of reduced nutrient loading during continued periods of low freshwater flow can significantly influence phytoplankton abundance over a longer time period. This conclusion is consistent with recent findings (Boynton et al. 1991) , and has ramifications for ongoing efforts to reduce nutrient loading and phytoplankton biomass in the Chesapeake Bay. If there is little carryover effect of nutrient loading between years, then significant reductions in nutrient inputs from the watershed can be expected to elicit fairly rapid decreases in the abundance of phytoplankton.
Light and nutrients
The interplay of light and nutrients in regulating phytoplankton abundance in the Bay arises from the dominant effect of seasonal and interannual variations in freshwater flow on both particulate and nutrient loadings, as has been discussed extensively in the context of the position of the chlorophyll maximum (cf. Harding et al. 1986 , Fisher et al. 1988 , Malone et al. 1988 , Malone 1992 . Subtle interannual variations In phytoplankton abundance, such as were observed between 1985 and 1986, are most likely expressions of this interplay. In both 1985 and 1986, freshwater flow and concomitant nutrient loading were sufficient to generate a bloom of reasonable proportions, but the abundance of phytoplankton in 1985 was significantly higher than in 1986. This was the case even though winter-spring flow in 1985 was both lower than the long-term seasonal average, and lower than winterspring 1986 flow (Table 4) . 1 suggest that these less pronounced interannual variations result from a balance of the input of suspended particulates and nutrients in the freshet, i.e. lower flow prior to spring 1985 resulted in light conditions more conducive to phytoplankton growth than in 1986, and nutrient concentrations under both flow regimes were sufficient to promote growth in the mesohaline to polyhaline Bay (Figs. 15 to 19 ). This would be consistent with northsouth movement of the landward limit to phytoplankton growth, according to Wofsy's model, at the same time that the seaward limit was regulated by nutrient loading from the identical freshwater source as provides the suspended materials and drives the position of the turbidity maximum.
Superimposed on variations in flow and the attendant effects on light and nutrient conditions are long-term changes in the concentrations of dissolved inorganic nutrients, such as were evident for DIN, Pod3-and DIN:POb3- (Figs. 15, 16 & 18) . Clearly, lower concentrations of DIN in the 1960s (Fig. 15) , coupled with relatively low freshwater flow from the Susquehanna River (Fig. 10) , generated reduced loading of DIN to the estuary in winter and spring. At the same time, P043-was lower in the 1960s than in the 1970s (Fig. 16 ). DIN : P o d 3 in spring indicated that N limitation occurred in the lower, polyhaline Bay, while the mesohaline and oligohaline Bay were probably P limited (Fig. 18) . These findings suggest that the region of potential N limitation may have been larger in the 1960s than in the 1970s, and that P limitation was widespread in winter and spring in the balance of the Bay.
Contemporary nutrient data have been discussed elsewhere in the context of seasonal shifts in the nutrient that limits phytoplankton abundance (Fisher et al. 1992 , Conley & Malone 1992 . It has been argued from the distributions of macronutrients, molar ratios, enrichment studies, and uptake rates that P and Si limit phytoplankton biomass in spring, while N is limiting in summer (Fisher et al. 1992 ). The data presented here are consistent with those conclusions. DIN was abundant in much of the estuary in winter and spring, with the exception of the lower, polyhaline Bay where concentrations were low (Fig. 15) . Si0,3-was depleted in the mesohaline, with the position of the Si minimum showing interannual variability (Fig. 17) . DIN: was well above Redfield's ratio from winter through spring in much of the Bay, with the exception of the lower polyhaline (Regions I & 11) where N was probably limiting. In contrast, low DIN occurs in much of the Bay in summer (Fig. 15) , and DIN : P043-is generally below Redfield's ratio (Fig. 18) .
The distribution of light attenuation coefficients is also directly linked to flow from the Susquehanna River (Schubel 1968 , Schubel & Pritchard 1986 , and phytoplankton growth in the upper, oligohaline Bay is largely light limited (Harding et al. 1986 ). Combining data on nutrient availability in the mesohaline to polyhaline Bay with data on light availability in the mesohaline to oligohaline regions should allow us to explain the position of the winter-spring bloom for a given year. For example, the low flow preceding the usual February to May period of the phytoplankton bloom generated light conditions favorable to a landward position of the bloom in 1989. At the same time, nutrient availability was low enough to preclude the development of high phytoplankton biomass. Consequently, a discrete chlorophyll maximum was essentially absent, as is apparent in Figs. 5g & 6g . In contrast, freshwater flow in 1987 was near or slightly below average and the position of high chlorophyll concentrations at the landward limit of the bloom met the criteria of Wofsy's model, i.e. highest chlorophyll concentrations occurred throughout the region of the Bay where 4 to 8 optical depths occurred in the surface mixed layer. At the seaward limit, ratios of nutrient concentrations, particularly Si0,3-: approached and fell below Redfield ratios over the course of spring (Figs. 18 & 19) , coinciding spatially with the accumulation of phytoplankton biomass (see also D'Elia et al. 1983 , Conley & Malone 1992 . In 1991, the landward position of the chlorophyll maximum was regulated by light availability, and the seaward extent of the bloom was limited by nutrient availability, particularly Si (Harding et al. 1993 ).
Conclusion
The relationship of freshwater flow from the Susquehanna River to the accumulation of phytoplankton biomass in the Chesapeake Bay is complex, and it is difficult to separate variability from trends. Additional research on the timing, position and magnitude of the winter-spring bloom in the Chesapeake Bay needs to focus on the extent to which nutrient inputs in excess of those needed to produce annual biomass maxima in winter-spring accompany specific flow conditions. Improved understanding in this area could make it possible to gauge the extent of improvements in Bay water quality that are likely to occur in the coming decade as reductions in nutrient inputs are realized by management efforts. A further study of the historical and recent data on the distribution and abundance of phytoplankton in the Chesapeake Bay will address this need in hopes of generating a conceptual model of flow, nutrient, light and phytoplankton relations and of specifying trends in phytoplankton abundance from the 1950s to the present.
